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1	 INTRODUCTION
2 n 	 TECHNICAL ]PROGRESS
The following subsections describe the work that
has been performed during the third quarter of t'he contract.
>
2.1	 Total Objectives of Planetar Exploration ^J. Colin
Jones)
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,p	 A review ®f this report was conducted by the staff
of Asti® Sciences Center and from this s further draft was
written. This was forwarded to the Office of Planetary Programs
1^tm
at the end of June for approval
The review by members of the As tro Sciences Center
resulted in some change of en phas I s send °eery reeen t f ' nd *
_.	 were added. However, the basic conc lus ion of this report, i.e.,
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the absence of certain very fundamental planetary properties,
remained unchanged. Following the return of the draft from
NASA Headquarters, a final review of the report will he made
and the document published.
2.2	 Spacecraft Radar (L. Golden)
For the past ten years, much information about the
solar system has been obtained by radar astronomy, due largely
to technological progress motivated by military applications.
The purpose of this study, which was started in
July, is to determine how much more can be learned by Earth-
based systems, assuming reasonable technological advances, and
by radar systems placed on space probes. Intuitively, space-
probe radar would seem to be of great interest because o.' the
"I/R4 law of radar echoes. Placing a radar transmitter and
receiver within 10 6km of Jupiter, for example, would lead to
an increase of some 11 orders of magnitude in echo strength
compared to a similar radar on the ground.
The approach taken in this study will place radar in
the broad context ofsular system exploration. What we want to
know about each of the solar system bodies and the role of
radar therein will be discussed. What has already been learned
by radar will be described emphasizing limiting factors dis-
tinguished as either technological, such as the present noise
level of receivers, or planet related, such as the inability to
see the back sides of planets. With this in mind, the study
will discuss what more can be done with Earth-based systems
allowing for reasonable advances in technology. This will
then be compared to what can be learned by studying each target
with space-probe radar operating in each of the following modes:
1 Earth transmits - target reflects - probe receives
2 Probe transmits - target reflects - Earth receives
3 Probe 1 transmits - target reflects - probe 1 receives
4 Probe 1 transmits - target reflects - probe 2 receives
IIT RESEARCH INSTITUTE
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Which mode is best for each target will. be
 determined by
criteria such as distance to Earth, interference by the Sun,
and size and rotation rate of the target. The differences
between ground-based and space-probe radar operation will be
discussed, and applied to each target to determine whether
space-probe radar is of value.
At present, the study of available radar systems,
their specification and limitations, has been made, and -ecaling
laws for weight and power requirements of radar are in hand.
Goals of solar system exploration, emphasizing the role of
radar studies, are being defined, and the limitations of present
observations are being clarified.
2.3
	
Mars Orbit Characteristics (M. Hopper)
Characteristics of orj>its and possibilities of making
measurements from a spacecraft in orbit about a planet depend to
a great extent upon the physical characteristics of the planet.
Among the properties of the planet which most affect measurements
made from orbit: are:
1. the motion of the planet in its orbit about the gun,
2. the inclination of the plane of the planet's equator
to its orbit plane,
3. the rate of rotation of the planet on its axis,
4. the physical shape of the planet; that is, whether
or not it is oblate.
The effect of these characteristics upon orbits and
measurements made from orbit are being analyzed for Mars.
Figure 2 shows the planet in four different positions in its
orbit around the Sun. The orientation of the planet's orbit
and equatorial planes remains essentially fixed as the planet
moves around the Sun, the equatorial plane of Mars being inclined
about 25° to the orbit plane of Mars. Because of this, there
IIT RESEARCH INSTITUTE
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are only two times In the course of the Martian year, namely
at the vernal and autumnal equinoxes, that the line formed by
the interjection of the planet's equatorial and orbit planes
Passesthrough  both the planet's and the Sun's centers of
gravity. At these times the subsolar point lies on the planet's
equator and the terminator passes through both the North and
South poles. One of these times, the vernal equinox, corres-
ponds to the time that the subsolar point moves from the south-
ern to the northern hemisphere, and the other, the autumnal
equinox, to the time that it moves from the northern to the
southern hemisphere. The motion of the subsolar point on the
planet's surface in the course of one Martian year is shown
in Figure 3. Figure 4 shows this same motion on a graph of
latitude and longitude. In each case the arrows indicate the
direction of motion of the subsolar point.
The planetocentric coordinate system used in this
study can be explained with the aid of Figures 2 and 3. The
reference plane used is the planet's equatorial plane, and
the reference axis the line from the planet's center to the
point on the planet's surface where the subsolar point crosses
the equator from South to North.
Figure 2 only shows the relationship of the planet's
equatorial and orbit planes to each other and the location of
the subsolar point and the terminator at various times of the
(	 year. The relationship of the spacecraft orbit plane to these
!	 planes is not shown. The spacecraft orbit plane could be any
plane through the center of the planet. When planetary oblate-
i ness is neglected, the orientation of the spacecraft orbit plane
with respect to both the orbit plane of the planet and its
equatorial plane is also fixed. This is shown in Figures 5 and
5. Figure 5 is like Figure 2, except that a hypothetical orbit
I
I
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has been added to each of the four positions in which the planet
is shown, and Figure 6 is like Figure 3, again with only the
addition of the curve formed by the intersection of the space-
craft orbit plane with the planet's surface. In referring to
Figure 5, note how the orientation of the orbit with respect to
the light and dark areas on the planet changes throughout the
year. Also, remember that the orientation of the equatorial and
spacecraft orbit planes remains fixed but that the subsolar point
moves on the planet's surface making one complete circuit about
the planet in one year.
The next figure, Figure 7, is related to Figure 6,
but one particular time of year during Northern Spring has been
selected and the terminator and the subsolar point have been
added. With time, the subsolar point moves up and the terminator
.rotates from left to right. Again, assuming the orbit remains
fixed, the solar illumination at points on the planet's surface
corresponding to the ground track of the spacecraft, will vary
as the planet moves around the Sun.
In making measurements from orbit at Mars, the rotation
of Mares on its ax4s can be used to obtain coverage of the entire
surface in a systematic manner. The planet rotates 360' in
24.62 hours. Because the spacecraft orbit remains fixed, all
longitudes on the surface pass under the orbit twice during tEis
time. (See Figure 8.) If the planet were not rotating on its
axis, these would be the only longitudes and latitudes covered
by the spacecraft no matter how long the spacecraft stayed in
orbit. However, because Mars does rotate on its axis, other
latitudes and longitudes can be made to pass under the space-
craft in a systematic manner. How tht, can bF done is apparent
from the following example.
Suppose that the period of orbit were 1/10 of the
period of rotation of the planet itself, and suppose that the
IIT RESEARCH INSTITUTE
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'	 spacecraft were crossing the equator from South to North at
the beginning of the orbit. Then, at the end of one orbit,
when the spacecraft was again crossing the equator from South
to North, the planet would have rotated 1/10 of 360° or 36°.
The ground trace of three successive orbits would appear as
illustrated in Figure 9. It is easy to see that at the end
of one Martian day ten orbits would have been completed and
the ground trace of the eleventh orbit would coincide exactly
with the ground trace of the first orbit. In this way, the
whole planet surface would be covered by ground traces all at
36° intervals from each other.
From this example it becomes apparent that if the
desired number of degrees M, between successive orbits were
known, the orbit period could be selected so that there were
n orbits/day, where n is the closest integer to 360/M. Then
the resulting ground traces would be approximately M degrees
^ y	apart. Unfortunately, this cannot be done when M is less than
36° because the resulting orbit periods would correspond to
orbits too close to the planet's surface to satisfy lifetime
req-1rements. But there is a way around this problem. By
selecting an orbit period which corresponds very nearly (but
not exactly) to some integral number n of orbits per day the
de^ired spacing of M degrees (where M <- 36") between contiguous
orbits can be obtained with every nth orbit. For example, if
^-	 the orbit period were selected to be approximately 2 orbits per
day, the resulting coverage would appear as in Figure 10, where
every successive orbit trace is approximately 180 0 from the
preceding trace. The third and fourth traces are contiguous
to the first and second traces, respectively, displaced M degrees
either to the right or to the left. In the figure they lie
slightly to the right.
IIT RESEARCH INSTITUTE
14
01
W
(a
Nn	 ^	 ^
3aniuv-i
15
W0
LL
3an111V`1
16
When coverage is obtained in this way, the amount of
time required to obtain coverage depends upon the orbit period.
The longer the period, the fewer orbits there will be per day
and the longer will be the time required to cover all longitudes.
For example, if the orbit period were selected to be about 1
orbit per Mars day, then the number of days required to obtain
coverage of all longitudes at the equator would be 360/M where
M is the number of degrees between successive orbits at the
equator.
For orbits with long periods another way which would
provide the required coverage more quickly would be to use
instruments which could scan a given number of degrees normal to
the orbit. In this case a quite wide band of coverage can be
obtained on either side of the orbit ground trace (see Figure 11).
The width of the band increases with increasing orbit altitude
for a given scan angle. Using this method, orbits can be spaced
farther apart and coverage obtained more quickly when the orbit
period is long.
To this point the assumption has been made that the
planet is not oblate and that the spacecraft orbit plane remains
fixed relative to the planet's equatorial and orbit planes. At
Mars this is not the case. The oblateness of the planet has two
small but significint effects upon the spacecraft orbit plane
and the orientation of the orbit within the orbit plane. The
first of these is that the orbit plane rotates in the plane of
the p'lanet's equator, (nodal regression), and the second is
that the low point, or orbit periapsis, rotates in the orbit
plane (periapse precession). The rate of these rotations de-
pends upon the shape, size and inclination of the orbit. The
effect of oblateness on an orbit ground trace is shown graphi-
cally in Figure 12. For orbits having inclinations less than
900 , the result is a motion of the ascending node of the orbit
I I T RESEARCH INSTITUTE
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(the point on the orbit at which the spacecraft crosses from
South to North) from right to left. For orbits having inclina-
tions greater than 90°, the motion of the ascending node of the
orbit is in the opposite direction or from left to right on the
graph. The rate of motion will be at most a few degrees per day
along the equator, but since the effect is cumulative, the
result can be significant. This motion of the ascending node
can sometimes be used to advantage to obtain desired coverage
at specified solar illuminations. Figure 5 showed the motion
of the subsolar point relative to fixed equatorial. and orbit
planes over the course of a Martian year. If indeed it were
desirable to make measurements over a long period of time at
given solar elevation angles, it is apparent from Figure 5 that
even if the desired illumination could be obtained at some time
during, the mission, the ^ubsolar point would soon move far
enough that the lighting conditions would no longer be desirable
when the orbit plane remains fixed. For this reason, if the
orbit plane is made to precess in the same direction as the
subsolar point motion and at approximately at the same rate,
then it will remain over areas having the proper lighting
conditions for a longer time.
The other effect of oblateness is the rotation of
orbit periapse in the plane of the orbit. This is of concern
when it is only possible to make measurements over a certain
limited range of altitudes along the orbit. Because the peri-
apse is moving, the range of altitudes over which it is possible
to mako measurements also moves. This is illustrated in Figure
13 where the proper range of altitudes for making measurements
is shifting to lower and 'lower planet latitudes on successive
orbits.
The methodology for Mars orbit selection providing
contiguous coverage with consideration of oblateness perturbation
01  RESEARCH INSTITUTE
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has been completed. Procedures are presently being outlined
which permit an experimenter to determine plausible orbits
based on instrument requirements of his experiment and the vari-
ours orbit/planet relationships discussed above. The reverse
procedure, i.e., from orbit to instrument design, is also being
developed. A rough draft of the study report will be completed
during the next quarterly period.
2.4	 Jupiter Orbiter Mission Study (.T. Niehoff ! D. S2adoni
J..".. Jones, A. Binder)
The Jupiter orbiter mission study is being performed
to evaluate the exploration potential and characteristics of
"first generation" orbiters at Jupiter. The 1975-85 time
frame is being considered for mission application and payload
requirements are to be limited to Titan-class launch vehicles.
Concern had been voiced in the last quarterly report
about a growing discrepancy between the original study plan and
manpower and the intended study purpose. Accordingly, a revised
study plan has been constructed and is presented in Figure 14.
The major change has been to eliminate the quantitative evalu-
ation scheme, i.e., science value from the remaining tasks to be
performed. The numerical evaluation will still be presented for
all tasks through the evaluation of first generation orbiter
measurabl.es. However, it has been concluded that to extend the
evaluation into the "operation analysis" of the study belies
the level of current knowledge of Jupiter and spacecraft
instrumentation.
The major effort on new tasks during this reporting
period has been in the area of supporting trajectory mechanics
(see upper right-hand area of Figure 14). Interplanetary tra-
jectory data has been summarized for all opportunities from
1974 through 1985. Launch characteristic velocity requirements
IIT RESEARCH INSTITUTE
22
23
W
01t0NrJ2QJarpHNZONNIccW^mC^WHavW
are plotted against flight time to Jupiter for 0-, 10- and 20-
day launch windows for flight times between.400 and 900 days.
A typical plot of this t:ata is presented in Figure 15 for the
1974 opportunity.
`
	
	
The important arrival conditions for orbit insertion
are also plotted as a function of flight time to Jupiter. These
data for the 1974 opportunity are shown in Figure 16. VHP is
the hyperbolic approach speed to Jupiter. 6VHP is the declination
of the approach direction and is equivalent to the minimum orbit
inclination to Jupiter's equator, which can be established without
a costly plane-change maneuver. R  is the Jupiter-Earth communica-
tion distance at arrival and ZAP is the angle between the direction
of approach and the direction of the Sun. ZAP angles greater than
90° indicate planet approaches over the sunlit face of the planet
with orbit periapse locations nLar the terminator or in darkness
assuming efficient orbit capture maneuvers. These approach par-
ameters are an essential part of orbit selection, i.e., selection
of orbit size and orientation which maximizes orbit measurement
capability while adhering to payload constraints of orbit capture
and control maneuvers.
Mission design points, each embracing a specific launch
vehicle, injected payload, and typical interplanetary transfer
characteristics(see ligures t5 and 16),are being selected so that
the aw-iber of free parameters considered in the subsequent orbit
selection task is reduced. The injected payload capability of
two Titan launch vehicles, i.e., Titan III (1205)/Centaur, and
Titan III(1207)/Centaur, along with Burner 11(2336) added upper
stages is shown in Figure 17 as predicted by the 1968 OSSA Estim-
ating Factors Handbook. Combining these capabilities with the
interplanetary transfer characteristics has, to date, led to the
selection of two mission design point selections also shown on
Figure 17. The first, labeled A, is indicative of the maximum
payload (2600 lbs.) which the Titan 111(1205) vehicle can deliver
I I T RESEARCH INSTITUTE
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considering a minimal 10-day launch window and launch oppor-
tunity variations. Even so, the 1978 and 1985 opportunities
are excluded from this capability due to excessive launch
characteristic velocity requirements. The second design point
reflects a more conservative foundation for the subsequent
mission analysis, calling for the larger Titan 111(1207) vehicle
and 20-day launch windows with an injected payload capability of
3250 lbs. Even so, the 1978 opportunity is still ruled out due
to excessive launch velocity requirements and the 1985 oppor-
tunity carries a shorter 10-day launch window provision.
It is probable that at least two more mission point
designs will be picked during the next: reporting period before
starting the important cask of orbit selection (see Figure 14).
Also scheduled for completion before beginning the orbit sel-
ection is the task of defining instrument hardware requirements
(weight, power, pointing, data bulk, etc.) as a function of
conceivable orbit variations likely to be enco-intered, chief of
which are orbit altitude variations. Results of these analyses
as well as a satellite observation program and completion of the
radiation hazards analysis are anticipated during the next
quarter.
2.5
	
Comet Rendezvous Stud, A. Friedlander J. Waters,
J.
	
e o )
A review of the Comet Rendezvous Study plan was
undertaken during the current reporting period with the pur-
pose of determining the study goals to be achieved in relation
to the available level-of-effort. Firstly, it was ascertained
that in order to present a complete picture of comet rendezvous
mission potential (trajectory/payload analysis) it would be
necessary to consider a reasonable spectrum of flight modes.
These should include: (1) multiple-impulse ballistic, (2) gravity-
assist ballistic, (3) nuclear-electric low-thrust, (4) solar-
electric low-thrust, and (5) possibly, a combination of several
of the above modes. Secondly, it was determined that this
11  RESEARCH INSTITUTE
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desirable objective could not be achieved by the current termina-
tion date in November.
Accordingly, it was suggested that the original task
providing primarily data on nuclear-electric and 3-impulse bal-
listic rendezvous missions would be continued and result in an
interim milestone and technical report by October 1, 1969, and
that the additional tasks would be continued into the subsequent
contract period with an overall final report to be submitted
In that period. The interim report would include trajectory/
payload data for a mission to Halley's Comet (1985) using
either the ballistic, gravity-assist or nuclear-electric flight
modes, and trajectory/payload data for multiple-impulse ballis-
tic missions to about 10 comet rendezvous in the period 1975-90.
In addition, this report will list those comet opportunities
(for further study) which are compatible with a gravity-assist
flight via Jupiter, and also, would give a preliminary indication
of whether or not the solar-electric flight mode is feasible for
the Halley mission.
The major technical. effort during this reporting
period was concerned with (1) continuing the Halley rendezvous
analysis for the nuclear-electric flight mode, and (2) re-
writing the multiple-impulse trajectory program for use on
IITRI's IBM 360 computer in order to conduct this study in a
more flexible and cost-effective manner. Some new results of
the Halley rendezvous analysis are presented in Figures 18-21.
Figure 18 shows the J requirement as a function of flight time
for an arrival date of 11/24/85 and a launch hyperbolic velocity
of 2.746 km/sec. The data points are not connected by a con-
tinuous curve since there are apparently two families of possible
flights (direct and indirect travel angles). Additional data
is needed to define these curves, and is presently being gener-
ated. Figure 19 shows two propulsion system technology curves,
11  RESEARCH INSTITUTE
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which are assumed for the payload analysis. These curves are
based on estimated specific mass data presented in the litera-
ture which we have fitted to a propulsion system mass function
of the form Mpp = k  + K2 Pe . Figure 20 illustrated the pay-
load optimization of the parameters, Pe and VHL, for the 940
day rendezvous trajectory using the Titan 3F/Centaur launch
vehicle. It is seen that both of these parameters have a very
significant effect on the delivered payload. Fcr the example,
a maximum payload of about 1950 kg is available given the
parameter selections VHI %zz, 2 km/sec and P e ti 150 kw. Figure 21
shows the effect of an off-optimum power rating (at optimum VHL)
or, the payload for each of the two propulsion system technologies
assumed. For the nominal system, the maximum payload is reduced
to about 800 kg.
Finally, a potentially good Jupiter-assisted mission,
to Comet D'Arrest in 1982 has been found. Figure 22 illustrates
the results of this analysis in terms of the relevant parameter
trade-offs with the time of intercept. Assuming that the comet
magnitude at intercept is constrained to be M < 14 (for purpc.;es
of Earth-based correlation measurements), a 1000 lb. payload
	
Mi
can be delivered by the Titan 3D/Centaur/Burner II launch vehicle.
The major drawback of this mission is the rather long flight time
of 4,.7 years. However, it sho • ild be noted that most comet rendez-
	 4
vous missions utilizing Jupiter's gravity field will not have
short flight times. The one offsetting advantage of this flight
mode lies in reducing the 6V requirement to achieve rendezvous.
	 4
2.6	 Mission Planning D.L. Roberts, J. Niehoff)
Contributions have been made to the Planetary
Exploration Planning Panel (PEPP) and to the Outer Planets
Working Group of PEPP. In addition quick response data and
analysis has been provided to meet internal and external NASA
deadlines.
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	2.7	 Jupiter Moon Lander Missions (A. Friedlander)
A start has been made on this task by way of
reviewing the previous work which was hasty and incomplete.
A detailed task schedule is being defined.
	
3.	 OVERALL. PERFORMANCE
Progress has been maintained in the third quarter
to the extent that all tasks are on or ahead of schedule. This
however, is necessary so that the addit3.onal tasks included in
Modification No. l of the contract can be accommodated. The
one exception to the above statement is the Jupiter orbiter
study which has suffered under the excessive pressure and time
spent on advanced mission planning tasks. Nevertheless, it is
anticipated, that the majority of the results will be obtained
in the next quarter with a carryover required to complete the
report writing and presentation requirements of the task.
No problems are foreseen at the present time in
meeting the schedules shown in Figure 1.
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